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Waste lube oilAbstract Large quantities of catalysts are used in the Egyptian reﬁning industry for the puriﬁca-
tion and upgrading of various petroleum streams. These catalysts gradually lose activity through
deactivation with time and the spent catalysts were usually discarded as solid waste. On the other
hand, waste lube oil contains heavy metals coming from undergirded base oil and additives, these
metals have carcinogenic effect and cause serious environmental problems. Studies are conducted
on the reclamation of metals, rejuvenation and reuse of the spent hydrotreating catalyst
(Mo–Ni/Al) which have been used in re-reﬁning of waste lube oil at Alexandria Petroleum
Company. Three leaching solvents were used: oxidized oxalic acid, benzoic acid and boric acid at
different concentrations (4%, 8% and 16%), different oxidizing agents (H2O2 and Fe(NO3)3)
and different modes of addition of oxidizing agents (batch and continuous). The results indicated
that 4% oxalic acid + 5% Fe(NO3)3 at continuous addition of oxidizing agents was the most
efﬁcient leaching solvent to facilitate metal removal and rejuvenate catalyst. The fresh catalyst
was applied for re-reﬁning of waste lube oil under different reaction temperatures (320–410) C
in order to compare the hydrodesulphurization (HDS) activity with both the fresh, treated and
spent catalysts. The results indicated that the rejuvenation techniques introduce a catalyst have
HDS activity nearly approach to that the fresh of the same type.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.D license.1. Introduction
Hydrotreating catalysts consist of critical metals such as Mo,
Co, and Ni, as active metals and are generally supported by
alumina or silica alumina and are usually used in hydrotreat-
ing of petroleum. These catalysts deactivate with time, and
partial or complete regeneration can be carried out depending
on the severity of the processes due to carbon or sulﬁde depo-
sition. In the long term, the regeneration of these catalysts will
Table 1 Characteristics of fresh and spent catalysts.
Characteristics Fresh Spent
Chemical compositions (wt%)
Mo 15.01 9.58
Ni 3.56 2.55
Al 34.74 33.91
P – 10.55
Si – 4.12
Others 0.55 0.91
Physical characteristics
Surface area (m2/g) 186.2 103.6
Pore volume (cc/g) 0.4196 0.266
Pore radius (A˚) 37.13 34.54
54 S.A. Sadeek et al.become impossible due to irreversible deactivation, and spent
catalysts would discard as solid wastes [1–3].
The volume of these solid wastes has increased signiﬁcantly
worldwide and in Egyptian petroleum reﬁning industries due
to a steady increase in upgrading of feedstock or distillates
to meet the environmental regulations for low sulfur fuels.
Several alternative methods such as disposal in landﬁlls,
reclamation of metals, regeneration/rejuvenation, reuse, and
utilization as raw materials to produce other useful products
are available to the reﬁners to deal with the spent catalyst
problem. The choice between these options depends on techni-
cal feasibility and economic consideration [4–7].
On the other hand, the composition of a typical waste lubri-
cating oil is a stable dispersion of undergirded base oil and
additives with high concentration of metals, varnish, gums
and other asphaltic compounds coming from the overlay of
bearing surfaces and degradation of the fresh lubricant compo-
nents [8]. Chlorinated solvents may also be present in signiﬁ-
cant quantities as a result of the breakdown of additive
packages and the addition of chlorine and bromine that act
as lead scavengers in leaded gasoline. Polynuclear aromatic
hydrocarbons (PAHs) are of particular concern due to their
known carcinogenicity [9,10]. Therefore, recycling and re-reﬁn-
ing of waste into virgin lubricating oil may be a suitable option
for protecting the environment from hazardous waste. An-
other beneﬁt associated with waste lubricating oil recycling
could be the economic gain due to the high price of mineral
oil [8,11].
In this study hydrotreating spent catalyst is rejuvenated
which has been used in re-reﬁning of waste lube oil for ﬁve
years at Alexandria Petroleum Company and tested in re-reﬁn-
ing of the waste lube oil from this company.
2. Experimental
2.1. Feed
Waste lubricating oil was treated by solvent extraction using
(5/1 N-methyl-2-pyrrolidone (NMP), 1% KOH), stirring for
1 h at 70 C and settling for 2 h at 50 C.
2.2. Catalysts
(a) Spent catalyst, which has been used in re-reﬁning of
waste lube oil (Cat: C20-7-05 TRX after 5 years life
time), at Alexandria Petroleum Company.
(b) Fresh catalyst (Cat: C20-7-05 TRX) supplied from Alex-
andria Petroleum Company and used as hydrotreated
catalyst for waste lube oil. The chemical and physical
characteristics of the fresh catalyst are illustrated in
Table 1.
2.3. Pretreatment of the catalyst
2.3.1. Catalyst washing
The catalyst was covered and contaminated with a layer of
petroleum derivative such as waste lube oil, so it must be
washed with different organic solvents (ethanol, benzene,
and carbon disulﬁde CS2), in order to be cleaned. The carbon
disulﬁde (CS2) solvent allows the recovery of considerableamounts of sulfur accumulated in the catalyst. The solvent
with sulfur is then distilled and reused for new portions of
the catalyst, such a treatment of milled catalyst (100 ml of each
solvent/10 g of the catalyst) is carried out for 12 h with agita-
tion at room temperature in a closed ﬂask, and then the prod-
uct is ﬁltered and dried in air at room temperature. Carrying
out this treatment for less than 12 h gives less sulfur recovery.
The washed catalyst is then heated at different temperatures in
an electric oven to eliminate the carbon and sulfur residues in
air as CO2and SO2, respectively.
2.4. Leaching treatment
The temperature is increased from 100 to 350 C at a rate of
50 C/h, and then the product is maintained at 350 C for
1 h, heated to 450 C at 25 C/h, and maintained at this tem-
perature for 24 h. After cooling to room temperature, the
formed yellow-green catalyst is ready for further treatment.
(A) Oxidized benzoic acid solution
(1) To 10 g of spent catalyst 500 ml of (4, 8 and 16)%
benzoic acid that is oxidized by 5% H2O2 and d-
iluted in 10% NaOH solution is added, in a 1 L
ﬂask.
(2) Heated for 60 min at 95–100 C with stirring. At
the end of the heating time, the content is cooled
to room temperature then ﬁltration is carried out.
(3) After ﬁltration, the benzoic acid solution is redu-
ced to one – third of its original volume which
contains the leaching metals. The solid (unﬁltered
catalyst) is dried in atmosphere, heated at 110 C,
and calcined at 450 C for 4 h, which represents
the treated catalyst.(B) Boric acid leaching solution
(1) To 10 g of spent catalyst 500 ml of (4, 8, 16)%
boric acid solution that is oxidized by 5% H2O2,
is added, in a 1 L ﬂask.
(2) Heated for 60 min at 95–100 C with stirring. At
the end of the heating time, the content is cooled
to room temperature then ﬁltration is carried out,
heated at 110 C, and calcined at 450 C for 4 h.(C) Oxalic acid solution
Different concentrations of oxalic acid solution are used
(4, 8 and 16)% prepared with 5%H2O2 and Fe(NO3)3 as
oxidizing agent for the leaching experiments.
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tration of the oxidized oxalic acid (500 ml) is
added in a 1 L ﬂask.
(2) Heated for 60 min at100 C with continuous stir-
ring. Finally, after cooling, and ﬁltration, the oxa-
lic acid solution which contains the metal
leaching, is reduced to one–third of its original
volume. The solid (unﬁltered catalyst) is dried in
atmosphere, heated at 110 C, and calcined at
450 C for 4 h.Figure 1 Effect of boric acid concentration on total metal
recovery of spent catalyst.
Figure 2 Effect of benzoic acid concentration on total metal
recovery of spent catalyst.The promoter (hydrogen peroxide) addition was in batch
mode only but the promoter (ferric nitrate) addition was var-
ied in two different ways (continuous and batch modes).
– In the continuous addition mode, oxalic acid solution was
pumped through the catalyst bed and ferric nitrate (pro-
moter) solution was added to the oxalic acid reagent drop-
wise continuously throughout the run.
– In the batch addition experiments, all of the ferric nitrate
solution was mixed with the oxalic acid reagent in a single
batch at the start of the experiment and the reagent mixture
was pumped and recycled through the catalyst bed. The
total amount of reagents used and their concentrations were
the same in both cases.
2.5. Catalysts’ characterization
Fresh, spent and rejuvenated catalysts were characterized
through metal analysis and surface area measurements.
2.5.1. Metal analysis
All the metals are analyzed by atomic absorption spectroscopy
(AAS) (ZEEnit 700P), and Silicon and phosphors by inductive
coupling plasma (ICP).
2.5.2. Energy-dispersive X-ray (EDX or EDS)
EDX as spectroscopic techniques in catalysis is the most
important analytical technique that is nowadays used in catal-
ysis and catalytic surface chemistry, this is carried out using
JEOL-JSM-5400 scanning microscope.
2.5.3. Surface area measurements
In this techniques measuring surface area, average pore
diameter (physical properties) of catalysts are carried out
using Quantachrome Nova Automated Gas Sorption System
(Model 2002).
3. Results and discussion
3.1. Effect of chemical leaching solution on total metal recovery
The study was conducted on decoked samples it was known
that during decoking carbon is burned in oxygen, the sulﬁde
form (coked) was oxidized to the high valance metal oxides
and sulfate, and these metals in the higher oxidation states
were more soluble by leaching agents. Leaching experiments
were conducted using three different organic acids namelyboric acid, benzoic acid and oxalic acid and two oxidizing
agents 5% H2O2 and 5% Fe(NO3)2. Table 2 represents the
effect of chemical leaching on the total metal recovery and
metal composition of different concentration acids (4, 8 and
16%) and 5% H2O2 as oxidizing agent. It is known from
different literatures that oxalic acid alone has very poor
activity for extracting spent catalyst metals (Si, P, Na and
Zn), but that addition of oxidizing agents such as H2O2
increases its leaching efﬁciency toward the amount of metals
in the spent hydrotreating catalysts [12,13].
The total metals recovered from the decoked samples as
shown in Figs. 1 and 2 were increased as leaching agent con-
centration increased. The extraction yield of heavy metals de-
pends on the kind of acid used [14,15] where the percentage of
extraction increased as the acid concentration and contact time
result in a corresponding increase of the offered energy for the
breakdown of chemical bonds of the metals in the spent cata-
lyst [15,16].
In spite of increasing removal of metals contaminants of
spent catalyst (P, Zn, Fe, Mg, Ca, K, Na, Si) by increasing acid
concentration, the removal of Selective recovery of active met-
als Mo and Ni, besides the other contaminants (i.e. P, Zn, Fe,
Mg, Ca, K and Si) from decoked spent catalyst pore was
carried out using different acids at different concentrations.
Selective metals of spent catalyst (Ni, Mo and Al) increased
by increasing acid concentration. So the 4% concentration of
acid was suitable for metal recovery of spent catalyst.
56 S.A. Sadeek et al.The data in Table 2 represent the effect of leaching solvent
on total metal removal and metal composition, from previous
studies [17] and in this work, the data indicated that 4% oxalic
acid and 5% H2O2 system were more efﬁcient for leaching to-
tal metal than boric and benzoic acid, it means that oxidizing
agent in case of oxalic acid increases the leaching efﬁciency to-
ward the amount of metal in the catalyst pore.
3.2. Effect of chemical leaching solution on selective metal
recovery
Selective recovery of active metals Mo and Ni, besides the
other contaminants (i.e. P, Zn, Fe, Mg, Ca, k and Si) from dec-
oked spent catalyst pore was carried out using different acids
at different concentrations.
Table 2 and Fig. 3 show the metal content of spent catalyst
after leaching experiments, the data indicated that most of
these metals were leached out but to a different extent, exceptTable 2 Metal content and metal removal of spent catalyst treatm
Leaching solvent 4% Boric and 5% H2O2 4%
Total metal recovery (wt%) 39.99 44
Metal composition R
Mo 1.39 85.49 1.
Ni 1.41 44.71 1.
Al 29.48 13.06 27
P 3.86 11.17 2.
Si 3.2 – 11
Other 0.85 6.59 0.
Figure 3 Effect of chemical leaching solutionsilicon which increased its unrecovered behavior during
increasing concentration. The data in Table 2 and Fig. 3 indi-
cated that the effect of oxalic acid, boric acid, and benzoic acid
on selective metals (Mo, Ni and Al) was in order:
For Mo recovery
Benzoic acidþ 5% H2O2 > Boric acidþ 5% H2O2
> Oxalic acidþ 5% H2O2
For NI recovery
Boric acidþ 5% H2O2 > Benzoic acidþ 5% H2O2
> Oxalic acidþ 5% H2O2
For Al recovery
Oxalic acidþ 5% H2O2 > Benzoic acidþ 5% H2O2
> Boric acidþ 5% H2O2
For other metals (Zn, Fe, Mg, Ca and P)ent by different leaching solutions.
Benzoic and 5% H2O2 4% Oxalic and 5% H2O2
.58 47.95
R R
3 86.43 3.3 65.2
96 23.13 2 21.67
.15 19.99 25.99 23.35
3 44.12 3.1 64.76
.1 – 12.9 –
77 15.38 0.68 25.27
on total metal recovery from spent catalyst.
Figure 4 EDX of (a) fresh catalyst, (b) spent catalyst, (c) 4% boric + 5% H2O2, (d) 4% benzoic + 5% H2O2, (e) 4% oxalic–5% H2O2,
(f) 4% oxalic acid–5% Fe(NO3)3.
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> Boric acidþ 5% H2O2
It means that boric and benzoic acid leached the active met-
als (Ni and Mo) more than the oxidized oxalic acid and hence
their metallic ratio to total active metals was less than in case
of 4% oxidized oxalic acid, on the other hand oxalic acid lea-
ched the metal contaminants more than the other acids.
Fig. 4 represent the EDX-charts of fresh, spent, and rejuve-
nated catalysts leached by different acids and indicated that
the extent of the metal remaining after leaching effect.3.3. Inﬂuence of different oxidizing agents on leaching solution
of oxalic acids
Inﬂuence of adding oxidizing agents such as H2O2 or Fe
(NO3)3 in promoting metal extraction by complexing agent
(acids were studied under different concentration). Two differ-
ent oxidizing agents were used (5% H2O2 and Fe(NO3)3).
Table 3 shows the inﬂuence of oxidizing agents H2O2 and
Fe(NO3)3 on the efﬁciency of oxalic acid.
For total metal recovery from spent catalyst:
Table 3 Effect of oxidizing agent and variation of the
promoter on efﬁciency of metal leaching from spent catalyst.
Leaching
solvent metal
composition
4% Oxalic
acid and 5%
H2O2 batch
4% Oxalic
acid and 5%
Fe(NO3)3
batch
4% Oxalic
acid and 5%
Fe(NO3)3,
continuous
Mo 3.3 3.9 4.1
Ni 2 2 2.3
Al 25.99 29.9 30.5
P 3.1 2.8 2.5
Si 12.9 11.5 10.5
Other 0.68 0.66 0.64
58 S.A. Sadeek et al.4% Oxalic acid + 5% Fe(NO3)3 > 4% Oxalic acid + 5%
H2O2.
For selective metal removal (Mo, Ni, Al)
4% Oxalic acid + 5% H2O2 > 4% Oxalic acid + 5%
Fe(NO3)3.
While metal contaminant removal
4% Oxalic acid + 5% H2O2 < 4% Oxalic acid + 5%
Fe(NO3)3.Figure 5 Effect of leaching solution on surfaIt would be useful to consider the various steps involved in
the leaching process in order to understand the role of ferric
nitrate in promoting the leaching efﬁciency of organic acids.
The process of leaching normally involved the following
individual steps (a) diffusion of leaching reagent to the solid li-
quid interface, (b) reaction between the solid and the reagent
to form product, (c) dissolution of the product, and (d) diffu-
sion of the dissolved product away from the interface. Any
combination of the above steps may control the rate of leach-
ing and the amount of material leached. In spent hydrotreating
catalysts, the metals are present as sulﬁdes [18]. In such sys-
tems, the leaching reactions can be expected to be of the over-
all form
MSx þ 2xRCOOH!MðRCOOÞ2x þ xH2S
In aqueous system, such reactions can be expected to pro-
ceed in three stages, taking oxalic acid as an example, one or
more of the electrochemically coupled minerals, and cathodic
protection (no dissolution) of other minerals. The minerals
(or metal salt) with the lower rest potential will react anodi-
cally and dissolve rapidly, whereas cathodic behavior (no dis-
solution) may be imposed on the mineral possessing the higherce area and pore volume of spent catalyst.
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Fe3+/Fe2+couple have been proposed to explain the catalytic
role of Fe3+ ions in leaching metals from sulﬁde ores [19]. The
implies that in system involving oxidative leaching, the rate
and selectivity of leaching different metals can be controlled
by varying the redox potential of a given electrolyte or by
using appropriate redox couples.
Ferric nitrate is a good oxidizing agent. Its role in enhanc-
ing the leaching of metals by the acid reagents is therefore to
oxidize the low valiant metal sulﬁdes to higher oxidation states
which may be more easily attacked by the acid reagent or com-
plexion agent [12].
3.4. Effect of the variation of the promoter addition mode on
leaching solution from spent catalyst
Leaching experimental was conducted using oxalic acid solu-
tion with ferric nitrate addition. The promoter (ferric nitrate)
addition was varied in two different ways in order to make
comparative assessment of different modes of promoter addi-
tion on the effectiveness of oxalic acid in leaching metals.
Comparison of the leaching result presented in Table 3 indi-
cates that: – continuous addition > batch addition.
This is due to the concentration of the oxidizing agent in the
leaching reagent mixture is substantially high in the batch
mode of addition where all the oxidizing agents are mixed with
the complexion agent in a single batch at the start of the exper-
iment. As a result of this, the initial rate of leaching is very ra-
pid. While in the case of continuous dropwise addition of the
oxidizing agents as promoter, the rate of leaching is negligible
during the initial period, probably, due to very low concentra-Table 4 Pore size distribution.
Pore size
distribution (cm3/g)
4% Boric
H2O2 batch
4% Benzoic
H2O2 batch
<50 A˚ 0.44 0.245
50–100 A˚ 0.01 0.07
100–250 A˚ 0.035 0.03
>250 A˚ 0.000 0.000
>400 A˚ 0.000 0.000
>1500 A˚ 0.000 0.000
Table 5 Hydrotreating activity of fresh catalyst using extracted wa
Hydrotreating temperature, (C) characteristics
Yield (wt%) Extracted oil
Density (70 C) 0.86125
Viscosity index 118
Sulfur content (wt%) 0.55
HDS activity –
Refractive index (70 C) 1.4627
Pour point ( C) 6
Carbon residue (wt%) 1.4
TAN (mg KOH/g) 0.54
Color 8
Hydrocarbon
Saturate 59
Aromatic 33.5
Resin 7.5tion of the oxidizing promoter in the leaching reagent. After
this initial period, the amount of metal extracted increases with
time as the amount of oxidizing agent in the reagent system is
increased by continuous addition. For the same of oxidizing
agent added to the reagent system it was noted that the contin-
uous mode of promoter addition is more effective than the
batch addition in extracting metal contaminants from the
spent catalyst. Since continuous dropwise addition brings the
oxidizing agents in a fresh and highly active form into contact
with the metal deposits in the spent catalyst [13].
3.5. Effect of metal leaching on physical characteristics of spent
catalyst
Selective removal of the major metal foulant, (without
affecting the active catalyst metals), is an important require-
ment for efﬁcient rejuvenation of the spent catalyst. It is
interesting to note that the metals foul ants are believed to
have plugged the catalyst pores and partially deposited
along the main channels through which the leaching agents
experience some difﬁculty to reach the fouled pores. Hence,
intraparticle mass transfer can be assumed as rate limiting
initially. However, as leaching progresses, the intraparticle
transfer is gradually improved inside the catalyst substrate
pore network. The leaching process is considered to involve
two operations.
(1) Removal of metal foulants along the main mass trans-
fers (macro-pores) connected to the microspores until
the pore structure begins to resume that of the fresh
catalyst.4% Oxalic
H2O2 batch
4% Oxalic
Fe(NO3)3 batch
4% Oxalic Fe(NO3)3
continuous
0.235 0.5502 0.56
0.0012 0.034 0.0046
0.001 0.010 0.004
0.000 0.010 0.000
0.000 0.0000 0.000
0.000 0.000 0.000
ste lube oil at different reaction temperatures.
320 350 380 410
71.1 62.8 59.7 57.8
0.84595 0.81505 0.8094 0.8012
128 129 131 130
0.26 0.17 0.1 0.01
65.62 77.5 86.24 88.2
1.4599 1.4576 1.4525 1.4498
3 3 6 10
1.24 0.87 0.32 0.11
0.25 0.1285 0.0639 0.01687
3.5 2.5 2 1.5
60 67 72 78
32.6 29.5 24.8 19.3
7.4 3.5 3.2 2.7
Figure 6 HDS activity of fresh spent and treated catalysts.
60 S.A. Sadeek et al.(2) Removal of metal foulants from the pore structure. The
improvement in the surface area is found to be related to
the extent of some deactivated metal removal from the
spent catalyst. It means that the leaching process is con-
sider to be affected by the removal of deactivated and
foul ants metal along the main mass transfer channels
connected to the narrow pores, until the pore structure
beings to develop.
Fig. 5 and Table 4 compare the effect of chemical treat-
ments for rejuvenating the spent catalyst. The characteristics
were greatly improved depending on the extent of metal recov-
ered. The improvement in surface area was due to the opening
of the catalyst pores through interaction with leaching agent.
In case of oxalic acid + 5% Fe(NO3)3 that is the best surface
area and pore volume due to the highest metal contaminant
recovery.
3.6. Effect of metal leaching on catalyst activity
The catalyst tested in the cata-test unit is the presulﬁded fresh
Ni Mo–Al catalyst (C20-7-05 TRX). The data in Table 5 show
the quality of the extracted waste lube oil under the tested
operating conditions which revealed that the quality was im-
proved by increasing reaction temperature from (320–410) C.
The data in Table 5 show the quality of the treated waste oil
under the tested operating conditions which revealed that the
quality was improved by increasing the reaction temperature
from (320–410) C especially the HDS-activity, within the
reﬁnery conditions. The other properties of treated used oil
were improved such as total acid number, pentane insoluble,
and carbon residue and viscosity index. The rejuvenated cata-
lyst as a result of contacting with 4% oxalic acid concentra-
tion + 5% ferric nitrate at continuous mode addition was
studied using (extracted waste oil) as feed. Fig. 6 represent
the hydrodesulphurization activity test of fresh, spent and reju-
venated catalysts, it was found that the rejuvenated catalyst re-
stored nearly 84.68% the fresh catalyst activity at 350 C.4. Conclusion
Rejuvenation of spent catalyst derived from Alexandria waste
lube oil re-reﬁning unit was studied by extraction of metal con-
taminants with different acids, namely, boric acid, benzoic acid
and oxalic acid at different concentrations (4, 8 and 16)% with
two oxidizing agents H2O2 and Fe(NO3)3 and in two modes;
continuous addition and batch addition. The spent and treated
catalysts were characterized and the improvement in surface
area, pore volume and HDS activity as a result of leaching
with different reagents was compared. The improvement in
surface area, pore volume and HDS activity recovery was
found to be related to the extent of metal contaminant removal
from catalyst. The study showed that oxalic acid–ferric nitrate
reagent (continuous mode addition) was superior to other re-
agent systems in terms of selectivity for metal contaminant
leaching as well as for surface area, pore volume and HDS
activity recovery.
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